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Abstract

Introduction Various treatment options exist to salvage stereotactic radiosurgery (SRS) failures for brain metastases, includ-
ing repeat SRS and hypofractionated SRS (HSRS). Our objective was to report outcomes specific to salvage HSRS for brain
metastases that failed prior HSRS/SRS.

Methods Patients treated with HSRS to salvage local failures (LF) following initial HSRS/SRS, between July 2010 and
April 2020, were retrospectively reviewed. The primary outcomes were the rates of LF, radiation necrosis (RN), and symp-
tomatic radiation necrosis (SRN). Univariable (UVA) and multivariable (MVA) analyses using competing risk regression
were performed to identify predictive factors for each endpoint.

Results 120 Metastases in 91 patients were identified. The median clinical follow up was 13.4 months (range 1.1-111.1),
and the median interval between SRS courses was 13.1 months (range 3.0-56.5). 115 metastases were salvaged with
20-35 Gy in 5 fractions and the remaining five with a total dose ranging from 20 to 24 Gy in 3-fractions. 67 targets (56%)
were postoperative cavities. The median re-treatment target volume and biological effective dose (BED,,) was 9.5 cc and
37.5 Gy, respectively. The 6- and 12- month LF rates were 18.9% and 27.7%, for RN 13% and 15.6%, and for SRN were 6.1%
and 7.0%, respectively. MVA identified larger re-irradiation volume (hazard ratio [HR] 1.02, p=0.04) and shorter interval
between radiosurgery courses (HR 0.93, p<0.001) as predictors of LF. Treatment of an intact target was associated with a
higher risk of RN (HR 2.29, p=0.04).

Conclusion Salvage HSRS results in high local control rates and toxicity rates that compare favorably to those single fraction
SRS re-irradiation experiences reported in the literature.
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limited brain metastases [1]. Randomized trials comparing
SRS or surgery, with or without whole brain radiotherapy
(WBRT), have confirmed worse neurocognitive outcomes
with WBRT [2]. The current literature supports WBRT as
a therapy of last resort and has led to the widespread adop-
tion of SRS alone in patients with limited or multiple brain
metastases [3—5]. Despite high local control rates with SRS,
the risk of tumor recurrence remains around 10-30% with
several factors such as tumor size, histologic subtype, and
treatment dose predicting for local failure [3, 6, 7].
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In the setting of local recurrence following SRS, optimal
management varies depending on several patient and tumour
related factors and requires a multi-disciplinary approach.
Treatment options include salvage surgical resection, laser
interstitial thermal therapy (LITT), systemic therapy, repeat
single fraction SRS and hypofractionated SRS (HSRS) [8].
Although surgical resection may be preferred for symptom
alleviation and pathological confirmation of recurrence, fea-
sibility is dependent on tumor location, performance status
and expected overall survival, and may be associated with
morbidity and mortality [9-13]. LITT, which involves the
placement of a fiber optic probe in a target lesion to create
thermal tissue damage, is an emerging treatment as salvage
therapy for recurrent brain metastases; however, is still an
invasive procedure with technical limitations associated with
size/volume, location, and experience [14—16]. Advances in
systemic therapy have led to targeted therapy and immune
check point inhibitors that cross the blood-brain barrier, and
have shown efficacy in the treatment/salvage of brain metas-
tases [17], however, most systemic therapy continues to have
minimal response in the brain [18, 19]. For these reasons,
re-irradiation may be the preferred or sometimes the only
feasible option.

The efficacy of salvage re-irradiation with SRS has been
reported in a few small institutional series. The median
1-year local control rates have ranged from 65 to 80% with
radiation necrosis (RN) observed in approximately 25%
of patients [20-23]. Factors that may affect local control
and toxicity from repeat SRS are not well characterized;
however, repeat single fraction SRS has been consistently
observed as associated with high risk of adverse events [22,
23]. More recently, there has been increasing adoption of
HSRS in the treatment of large metastases and those in elo-
quent areas, to achieve improved local control while reduc-
ing the risk of RN [24, 25]. A meta-analysis of 24 studies
showed a 23.1% versus 7.3% incidence of RN for lesions
2-3 cm treated with SRS and HSRS, respectively [26]. We
hypothesized that these same advantages may hold true in
the re-irradiation setting and we adopted both 3 and 5 frac-
tion HSRS schedules for the clinical indication of salvaging
SRS failures.

The purpose of this study was to report outcomes specific
to salvage HSRS as a treatment of locally recurrent brain
metastases previously irradiated with SRS/HSRS.

Methods
Patient cohort
Patients treated with salvage HSRS for radiosurgical fail-

ures, between July 2010 and April 2020, were retrospec-
tively reviewed (Institutional Research Board approval
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#267-2015). Baseline patient and treatment characteristics
were recorded including age, sex, primary histology, lesion
location, time interval between radiosurgical courses, expo-
sure to concomitant systemic therapies, SRS dose, and target
volume. Evidence of local recurrence as opposed to RN was
based on serial MRI imaging and included perfusion and/
or chemical exchange saturation transfer (CEST) sequences
[27], and histological confirmation was available for those
who underwent surgery. For non-resected targets, recurrence
was suspected when serial MR showed growth of enhancing
targets, particularly in the setting of clinical symptoms. Per-
fusion imaging showing increased cerebral blood volume,
and/or CEST analysis were used as confirmatory tests when
MR imaging was equivocal. A multi-disciplinary discus-
sion was undertaken in all cases prior to repeat radiosurgery.
The decision for repeat radiosurgery was typically made for
patients with a high degree of suspicion for recurrence, not
amenable to resection or other therapies. Salvage HSRS was
given in the post-operative setting for some recurrent cases
based on assessment of the risks versus benefits. All patients
had at least one post-treatment clinical and imaging follow-
up visit for study inclusion.

Treatment technique

Radiosurgical treatments were performed using either an
image-guided, multi-leaf collimator based linear accelera-
tor equipped with a six degree-of-freedom (6-DOF) couch
top (Elekta AB, Stockholm Sweden) or Gamma Knife Icon
(GKI, Elekta AB, Stockholm, Sweden) system. Patients were
simulated with a 1 mm slice thickness computed tomog-
raphy (CT) scan with the patient lying supine on a neck
rest, and the head immobilized in a non-invasive mask.
Volumetric T1-weighted post gadolinium enhanced, and T2
FLAIR magnetic resonance (MR) imaging sequences with
1-1.5 mm thick slices, were fused to the planning CT (or
cone-beam CT in the case of GKI) for target volume deline-
ation. For intact lesions, the gross tumor volume (GTV)
was defined as the visible tumor on the T1-weighted post
gadolinium sequence. For post-operative cavities, a clinical
target volume (CTV) was generated according to the interna-
tional consensus guidelines [13]. A planning target volume
(PTV) margin was generated as a 2 mm isotropic expansion
from the GTV or CTV for patients treated on LINAC. For
patients treated on the GKI, the PTV expansion was 0—1 mm
in cranio-caudal dimension and 0-0.5 mm radially. Treat-
ments were typically prescribed to the 70-80% isodose line
for linear accelerator based HSRS, and 50-60% when using
the GKI.

Our institutional protocol is to treat de novo metastases
with a single fraction using the GKI for metastases smaller
than 1.5-2 cm in diameter [28]. Metastases greater than
1.5-2.0 cm, post-operative cavities, or those in eloquent
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locations such as the brainstem are typically treated with
3 or 5 fraction daily HSRS. In the retreatment setting, our
initial institutional practice was to utilize HSRS with 25 Gy
in 5 fractions. This de-escalated dose is based on our experi-
ence with treating brain metastases in the de novo setting, in
which we found that the optimal dose is around 30-32.5 Gy
in 5 fractions, and that the risk of adverse radiation effect
was greater when > 10.5 cc of normal brain received 30 Gy
[29, 30]. As our experience matured, we have escalated our
prescription to 27.5 Gy for targets that were felt to be safe
to do so. For targets near eloquent anatomy or at high risk of
toxicity, we continue to use 25 Gy in 5 fractions.
Prescribed radiosurgery total doses were converted to an
equivalent dose in 2 fractions (EQD2,,) with the formula:

EQD2,,=nd [Z:Z%] and biologically effective dose (BED, )
d

with the formula: BED,, =nd[1 + a—/ﬂ], where n represents

the number of fractions and d the dose per fraction. The
tumor o/ff was assumed to be 10 Gy and that of normal brain
tissue to be 2 Gy. Concomitant systemic therapy (chemo-
therapy, targeted therapy, or immunotherapy) use was
defined as receipt of therapy within the 1-week preceding or
after radiosurgery.

Follow up and endpoint definition

All patients were followed post-HSRS with a MRI and
clinical assessment every 2—3 months, and all patients had
a volumetric axial T1 post-gadolinium sequence to ensure
comparability. The primary endpoints of this study were
the rates of local failure (LF), radiation necrosis (RN), and
symptomatic radiation necrosis (SRN) measured from the
date of repeat HSRS until an event. LF was defined as tumor
progression based on the Response Assessment in Neuro-
Oncology Brain Metastases working group [31] with histo-
pathological confirmation when feasible. RN was defined
according to Sneed et al. in which there is radiographic
lesion growth followed by stabilization or regression [7].
The subset of these patients who experienced treatment-
related symptoms including the use of dexamethasone were
classified as SRN. Pathological confirmation, perfusion
MR and/or CEST [27] sequences were performed to best
differentiate RN from tumour progression in cases where
there was diagnostic uncertainty. Overall survival (OS) was
defined from the date of repeat HSRS to the date of death
from any cause or last follow-up.

Statistical analysis

Patient and lesion characteristics were summarized using
counts and percentages for categorical variables, and meas-
ures of central tendency and dispersion for continuous varia-
bles. The Kaplan-Meier method was used to estimate the OS

function for all patients. The cumulative incidence of LF and
SRN were calculated using Fine and Gray’s competing risk
method, with death from any cause as a competing event.
Statistical difference between cumulative incidence curves
were compared using Gray’s test. Univariable Cox regres-
sion was performed to identify predictors of survival. Uni-
variable competing risk regression was performed to identify
potential predictors of LF and SRN, with death from any
cause as a competing event. Variables with a p-value <0.2
were selected for inclusion within the final multivariable
analysis (MVA) models. All tests were two-sided, with a
p-value <0.05 deemed to be significant. All analyses were
conducted using R version 4.0 (The R Foundation for Sta-
tistical Computing, Vienna, Austria, 2020).

Results

In total, 120 lesions in 91 patients were treated with a sal-
vage HSRS course. Patient and metastases baseline charac-
teristics are summarised in Table 1. The median follow-up
for the whole cohort was 13.4 months (range, 1.1-111.1)
with a median radiological follow up of 5.3 months (range
0.67-91.7). The median age at retreatment of 61.1 years
(range, 25-91). The most common primary tumour his-
tologies were lung (32.5%), breast (30.8%), and melanoma
(21.7%). There was a nearly even division of intact lesions
(44.2%) versus surgical cavities (55.8%). The median time
between radiosurgery courses was 13.1 months (range
3.0-56.4). Seventy-eight metastases (65%) were initially
treated with single fraction SRS ranging from 16 to 20 Gy,
while the remainder were treated with HSRS ranging from
25 to 32.5 Gy in 5 fractions as well as one target treated
with 24 Gy/3 fractions. Most patients did not receive any
concomitant systemic therapy (51.7%) at the time of sal-
vage HSRS. The median target volume was 9.5 cc (range,
0.05-111.79). The most common re-treatment prescriptions
were 25 Gy (64.2%), 26.5-27.5 Gy (20.0%), and 30 Gy
(6.7%) in 5 fractions. The median retreatment EQD2,, was
31.3 Gy (range, 23.3-49.6). Eight lesions received a third
course of repeat HSRS, with most receiving 25 or 27.5 Gy
in 5 fractions (62.5%), and the remaining three treated with
a longer 10 fraction course (Table S1).

Local control

The 6-, 12-, and 24-month cumulative incidence of LF was
18.9% (95% CI 11.7-26.1), 27.7% (95% CI 19.5-35.9), and
29.6% (95% CI 21.2-38.0), respectively (Fig. 1A). MVA
identified larger treatment volume (HR 1.02; p=0.04)
and shorter time between radiosurgery courses (HR 0.93;
p=0.001) to predict for a higher risk of LF (Table 2). For
tumors > 9.5 cc, the 6-, 12-, and 24-month cumulative
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Table 1 Patient and lesion characteristics

Patient/lesion characteristic

Value (n=91, N=120)

Age (median, range)
Sex
Male
Female
Primary
Breast
Gastrointestinal
Gynaecological
Lung
Melanoma
Renal
Lesion location
Brainstem
Infratentorium
Supratentorium
Time from first SRS to HSRS
Median (months, range)
Initial treatment
Dose fractionation (Gy/number of fractions)
16-18/1
20/1
24/3
25/5
27.5/5
30/5
32.5-35/5
Median BED,,, (Gy, range)
Median EQD2,, (Gy, range)
Median lesion volume (cc, range)
Retreatment
Modality
GKI
LINAC
Dose fractionation (Gy, number of fractions)
20/3%*
24/3
20/5
25/5
26-0.5-27.5/5
30/5
32.5-35/5
Median BED,,, (Gy, range)
Median EQD2,, (Gy, range)
Median lesion volume (cc, range)
Lesion type
Intact
Cavity
Concurrent systemic therapy
Chemotherapy
Targeted therapy
Immunotherapy

None

61 (25-91)
32 (35.2%)
59 (64.8%)

37 (30.8%)
6 (5.0%)
4(3.3%)

39 (32.5%)

26 (21.7%)
8 (6.7%)

1 (0.8%)
27 (22.5%)
92 (76.7%)
13.1 (3.0-56.5)

31 (25.8%)
47 (39.2%)
1 (0.8%)
12 (10.0%)
6 (5.0%)
16 (13.3%)
7 (5.8%)
50.4 (37.5-60.0)

42.0 (31.3-50.0)

1.5 (0.007-115.4)

50 (41.7%)
70 (58.3%)

2 (1.7%)
3(2.5%)
3(2.5%)
77 (64.2%)
24 (20.0%)
8 (6.7%)
3(2.5%)
37.5 (28.0-59.5)
31.3 (23.3-49.6)
9.5 (0.05-111.8)

53 (44.2%)
67 (55.8%)

3(2.5%)
37 (30.8%)
18 (15.0%)
62 (51.7%)
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Table 1 (continued)

n number of patients, N number of lesions, BED biological effective
dose, EQD?2 equivalent dose in two gray per fraction

*Staged SRS, 2 weeks apart for each fraction

incidence of LF was 29.7% (95% CI 17.8-41.5), 38.8%
(95% CI 26.0-51.5), 40.6% (95% CI 27.8-53.5), respec-
tively, compared to 8.5% (95% CI 1.4-15.6), 17.0% (95% CI
7.4-26.6), and 18.9% (95% CI 8.8-28.9) for lesions < 9.5 cc,
respectively (Fig. 1B). When stratified by the time interval
between radiosurgery courses, intervals > 13.1 months had a
6-, 12-, and 24-month cumulative incidence of LF of 11.9%
(95% CI 3.6-20.2), 18.8% (95% CI 8.8-28.9), and 20.7%
(95% CI 10.2-31.1) compared to 26.1% (95% CI 14.7-37.4),
36.8% (95% CI 24.3-49.3), and 38.8% (95% CI 26.0-51.5)
when < 13.1 months, respectively (Fig. 1C). There was no
significant difference in local failure risk between cavity and
intact targets.

A total of 34 local recurrences were observed after repeat
HSRS (26.9%). Most received no further local therapy
(50.0%) due to concerns regarding toxicity, poor patient per-
formance status or the initiation of systemic therapy. Two
recurrences (5.9%) were subsequently treated with WBRT,
4 (11.8%) with another course of radiosurgery, 7 (20.6%)
with re-resection, and 4 (11.8%) with re-resection followed
by adjuvant postoperative HSRS.

Radiographic and symptomatic radiation necrosis

Radiographic RN was identified in 23 lesions (19.2%). The
6-, 12-, and 24-month cumulative incidence of RN was 13%
(95% CI 6.8-26.1), 15.6% (95% CI 8.9-35.9), and 20.5%
(95% CI 12.9-38.0), respectively (Fig. 2A). On MVA, treat-
ment of intact targets (HR 2.29; p=0.04) was identified as
a significant predictor of RN risk (Table 3). The 6-, 12-,
and 24-month risk of RN was 15.7% (95% CI 5.7-25.8),
17.8% (95% CI 7.2-28.3), and 27.8% (95% CIL 14.6-41.0)
for intact lesions, versus 10.8% (95% CI 3.2-18.4), 13.9%
(95% CI 5.5-22.4), and 15.5% (95% CI 6.7-24.4) for post-
operative cavities, respectively (Fig. 2B).

The crude incidence of SRN was 7.5% (9 of 120). The
6-, 12-, and 24-month cumulative incidence of SRN was
6.1% (95% CI: 1.7-10.4), 7.0% (95% CI: 2.3-11.6), and
7.9% (95% CI: 2.9-12.8), respectively (Fig. 3). UVA identi-
fied initial radiosurgery fractionation (single versus HSRS)
and receipt of targeted or immunotherapy as potential pre-
dictive factors to be included on MVA. However, none of
these factors were predictive of SRN on MVA.

Treatments for SRN included corticosteroids (78%),
bevacizumab (11%), and surgical resection (11%). Most
cases of SRN (89%) were successfully treated with reso-
lution of symptoms. One patient who was treated with
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Fig. 1 Risk of local recurrence in (A) all targets, (B) stratified by target volume, and (C) stratified by months between radiosurgery courses

Table 2 Univariable and multivariable competing risk regression for local control

Variable Univariable Multivariable (UVA p<0.3)
Hazard ratio (95% CI) ] -
p-Value Hazard ratio (95%  Hazard ratio (95% CI) p-Value
CI)
SRS2—BED,, (Gy) 0.99 (0.90-1.11) 0.99
SRS2—Volume (cc) 1.02 (1.01-1.04) 0.031 1.02 (1.01-1.04) 0.04
SRS2—Target type REF 0.77
Cavity 0.99 (0.99-1.00)
Intact
SRS1—SRS type REF 0.42
Single Fraction 1.33 (0.66-2.68)
Hypofractionated
SRS1—BED,, (Gy) 0.99 (0.94-1.04) 0.62
SRS1—Volume (cc) 1.01 (0.99-1.03) 0.27
Time between SRS courses (months) 0.93 (0.90-0.97) <0.001 0.93 (0.89-0.97) 0.001
Histology REF 0.32
Other histologies 0.653 (0.277-1.536) 0.61
Breast 0.819 (0.372-1.804)
Lung
Systemic therapy REF 0.44

None/chemotherapy
Targeted or immunotherapy

0.76 (0.43-1.54)

BED biologically effective dose, CI confidence interval, UVA univariable analysis, cc cubic centimeter, Gy gray, SRS stereotactic radiosurgery,
SRS first radiosurgical course, SRS2 second radiosurgical course
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Table} Univariable a}nd . Variable
multivariable competing risk
regression for radiographic

Univariable Multivariable (UVA p<0.3)

Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value

radiation necrosis
SRS2—BED,, (Gy)

SRS2—Volume (cc)

SRS2—Target type

Cavity

Intact

SRS1 - Fractionation
Single Fraction
Hypofractionated
SRS1—BED,, (Gy)
SRS1—Volume (cc)

Time between SRS courses (months)
Systemic therapy
None/chemotherapy
Targeted or immunotherapy

Cumulative BED,, (Gy)

0.98 (0.91-1.06)  0.63
1.00 (0.97-1.03)  0.97

REF 0.11  REF 0.04
1.94 (0.85-4.45) 2.29 (1.02-5.12)
REF 0.14  REF 0.06
1.81 (0.81-4.08) 2.15 (0.94-4.89)

0.98 (0.93-1.04)  0.36
1.01 (0.99-1.03)  0.58

1.03 (0.99-1.06)  0.13 1.02 (0.99-1.06)  0.20
REF 0.15  REF 0.22
0.52 (0.22-1.28) 0.57 (0.23-1.43)

0.98 (0.94-1.03)  0.46

BED biologically effective dose, CI confidence interval, UVA univariable analysis, cc cubic centimeter,
Gy gray, SRS stereotactic radiosurgery, SRS1 first radiosurgical course, SRS2 second radiosurgical course

05
1

04

03

02

0.1

Risk of Symptomatic Radiation Necrosis

%

T T T T T T T

0 6 12 18 2 20 3
AtRisk: Time (Months)
120 103 86 66 53 42 32 23 23 21 19

Fig.3 Symptomatic radiation necrosis risk

@ Springer

corticosteroids, transitioned to end of life care and passed
away shortly thereafter.

Overall survival

The median OS was 15.9 months (95% CI: 11.8-20.8), and
the 1-year and 2-year OS estimates were 58.6% (95% CI:
49.0-70.1) and 33.7% (95% CI: 24.7-46.1), respectively
(Figure S1). UVA identified age and histology as poten-
tial predictors of survival; however, significance was not
retained on MVA.
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Discussion

Repeat SRS has been traditionally avoided because of per-
ceived low rates of local control and high risk of toxicity
[22]. Hypofractionation has been increasing in clinical
practice as a strategy to limit toxicity and maintain local
control in large brain metastases [24, 25]. Using a simi-
lar rationale, we adopted HSRS as salvage treatment of
brain metastases after SRS failure. In this study, LF rates
at 6- and 12-months were 18.9% and 27.7%, respectively,
and compare well with larger de novo treated lesions [30].
Additionally, the 6- and 12-months risk of SRN were
favorable at 6.1% and 7.0%, respectively, with the majority
(89%) successfully managed with steroids, bevacizumab,
or surgery [32].

Two factors were significant predictors on MVA of local
failure after salvage HSRS. The first was target volume,
with those greater than 9.5 cc (roughly 2.6 cm in diam-
eter) having a nearly 38.8% actuarial risk of recurrence at
1-year, compared to just 17.0% for smaller lesions. This
is consistent with previous observational series, in which
smaller tumor volume was predictive of better local con-
trol [20, 23, 33, 34]. Kim et al. report on the outcomes
of repeat single fraction SRS in 176 locally recurrent
lesions. The median progression-free-survival (PFS) was
32.8 months for metastases <4 cc versus 13.0 months for
those >4 cc, and 17.2 months versus 9.4 months when the
threshold is increased to 10 cc, respectively [33]. Koffer
et al. also observed LF in 45.5% in metastases >4 cc and in
none <4 cc (p=0.006) [34]. A multi-institutional retro-
spective series of 123 metastases treated with repeat single
fraction SRS reported a very small metastases volume of
> 1 cc as predictive of increased LF (HR 3.31, p=0.01)
[20]. Sneed et al. determined the quadratic mean diam-
eter (QMD) to be predictive of freedom-from-progression
(FFP) in 229 metastases retreated with single fraction SRS.
Patients with a QMD <0.75 cm, 0.75-2 cm, and 2.1-3 cm
had a 1-year FFP of 86%, 82%, and 65%, respectively [23].
A notable difference between these results of these studies
and ours is the use of HSRS vs. repeat single fraction SRS.
Despite the median target volume in our series being larger
(median 9.5 cc, ~ 2.6 cm diameter), our crude local control
rate compares favourably to these reference series (83%
versus 61-82%) [20, 23, 34]. Most (84%) of our repeat
SRS courses were treated with 25 or 27.5 Gy in 5 fractions
(BED,,=37.5 and 42.6 Gy, respectively), and over half
of the retreat targets were post-operative cavities (55.8%)
which tended to have larger target volumes (Table 1).

The second factor that impacted local control for repeat
SRS was the time interval between treatments. The 1-year
LF rate was 18.8% (95% CI: 75.5-93.2) in those with an
interval > 13.1 months versus 36.8% for those retreated

within 13.1 months. Sneed et al. also observed a similar
association between interval between SRS treatments and
FFP risk. Patients with intervals of <6 months, 6-11.9
months, 1-1.9 years, and > 2 years had 1-year FFP
probabilities of 60%, 76%, 82%, and 95%, respectively
(p<0.0005) [23]. These observations likely reflect a more
aggressive biology for early progressors and relative radi-
oresistance resulting in lower rates of LC.

RN, and in particular SRN, is the most critical dose limit-
ing toxicity of SRS, and a concern that is amplified in the
re-irradiation setting. In the current study, the crude inci-
dence of SRN was 7.5%, with a 1-year and 2-year actuarial
risk of 6.1% and 7.0%, respectively. The crude incidence of
SRN was 24% in a 46-lesion series by McKay et al., using a
repeat single fraction SRS prescription dose of 20 Gy [22].
Kowalchuck et al. reported a crude incidence of 7% in their
multi-institutional analysis, with an observed 2-year free-
dom from SRN of 90% given a median repeat single fraction
SRS prescription dose of 18 Gy [20]. Our target volumes
were generally larger compared to other series [20, 23, 33],
and all patients treated with HSRS. Our result compares
favorably to a series of 47 lesions retreated with 3-fraction
hypofractionated SRS, with a crude incidence of SRN of
13% although their median target PTV was quite large at
16 cc [21].

Accounting for radiographic RN, our overall crude inci-
dence was 19.2% which is similar to a meta-analysis of
eight retrospective studies that reported a rate of 16.1% [8].
Notably, we found a greater than 2-fold increased risk of
RN for intact targets versus postoperative cavities on MVA,
adjusted for volume. This has been observed in our de novo
SRS experience as well. Our previous institutional experi-
ence reported 3.7 greater odds of SRN for intact lesions
compared to cavities treated with HSRS [32]. Similarly,
Andruska et al. observed a trend towards higher SRN risk
(HR 2.5; p=0.17) for intact lesions in a series of 117 metas-
tases treated in the de novo setting. As they summarize, the
lack of observed statistical significance may be due to insuf-
ficient study power [35]. Rana et al. observed a trend towards
lower RN risk for postoperative cavities in a series of 32
metastases undergoing salvage SRS [36]. These observations
suggest that RN may be driven by a multifactorial mecha-
nism, including factors beyond simply the target volume.
In the reirradiation setting, surgical resection may remove
adjacent tissue that has been exposed to previous high dose
irradiation and may in part explain the lower rates of RN.
Conversely, radiobiological mechanisms at the tumor-brain
interface inherent in the treatment of intact metastases may
also influence RN risk. No significant predictors of SRN on
MVA were found in our series. It should be noted that we did
not find an association between dose and RN or SRN risk,
suggesting that careful dose escalation may be appropriate
for suitable targets at risk of re-irradiation failure.
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Despite the encouraging outcomes reported in the cur-
rent series, our institution is investigating new strategies
of repeat radiosurgery. Recently, we have begun imple-
menting staged radiosurgery for these lesions in which
we deliver 3 total fractions separated by 2 weeks between
fractions. This strategy has been employed in the treat-
ment of large brain metastases in the de novo setting with
good local control and acceptable toxicity [37, 38]. This
approach allows for potential volume reduction with sub-
sequent fractions, and therefore maintain higher rates of
local control while mitigating rates of radiation necrosis.

The current study has several strengths. First, all
patients had consistent contrast-enhanced dedicated volu-
metric MRI follow up every 2-3 months adhering to strict
institutional protocols, and interpretation was by dedicated
neuro-radiologists. Secondly, we carefully characterized
all cases of LF or RN with multi-disciplinary evaluation
utilizing advanced diagnostic techniques including perfu-
sion and CEST MR, and in some cases pathological con-
firmation [27, 39].

We acknowledge limitations of the current study. The
retrospective nature of the data risks inherent biases and
inaccuracies in data capture. Although radiosurgery pre-
scriptions were recorded, detailed dosimetric data such
as volumetric normal brain parameters were unavailable
given that many of the lesions were retreated across dif-
ferent platforms. Normal brain dosimetry is an established
predictor of RN in de novo radiosurgery, and various volu-
metric predictors have been identified in other re-irradi-
ation series [20-22]. Lastly, there is heterogeneity in the
repeat radiosurgery dose fractionations used in the current
study, which we address however, by converting to BED
and EQD2 doses.

In conclusion, HSRS for the salvage of local recurrence
post SRS is an effective and feasible option with good rates
of control and toxicity rates that compare favorably to the
single fraction re-irradiation. Larger target volume and a
shorter interval between radiosurgery courses were predic-
tive of lower rates of local control. Re-irradiation of intact
metastases vs. cavities was associated with an increased risk
of RN. Despite the favourable outcomes of HSRS in this
series, further research is required to establish the optimal
dose fractionation for HSRS in the subset of patients that are
at the highest risk of local failure or toxicity.
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